Spontaneous Raman scattering is used to experimentally determine the vibrational distribution functions of diatomic species in N 2 /CO and N 2 /CO/O 2 gas mixtures optically pumped by a CO laser in the pressure range 410-760 torr. In N 2 /CO mixtures, as many as 38 vibrational levels of CO are observed, in addition to six levels of N 2 . The CO vibrational distribution function is highly non-Boltzmann, exhibiting the well-known Treanor plateau. In N 2 /CO/O 2 mixtures, up to 13 vibrational levels of O 2 are observed, which also exhibit a highly non-Boltzmann distribution. Experimental data are compared to predictions of a master equation kinetic model, which incorporates absorption of the laser radiation, species, and quantum state-specific vibrationvibration and vibration-translation energy exchange, as well as diffusion of vibrationally excited species out of the laser-excited volume. It is shown for the first time that modest power continuous wave lasers can be used to establish highly excited steady-state vibrational distributions of all three major diatomic species in CO-seeded atmospheric pressure dry air. This has implications for the energy-efficient creation of low-temperature, high-pressure air plasmas, in which the principal free electron loss mechanism is known to be three-body attachment to molecular oxygen.
I. INTRODUCTION
Knowledge of detailed nonequilibrium vibrational kinetics of diatomic molecules is essential for accurate prediction of behavior of low-temperature molecular plasmas for a wide variety of practical applications, including gas discharges, plasma chemical reactors, molecular lasers, upper atmosphere chemistry, and pollution control. 1, 2 In a series of previous studies, it has been shown that the CO laser can be used to initiate and sustain highly nonequilibrium vibrational energy distributions in pure carbon monoxide and in mixtures of CO in noble gas buffers, such as helium and argon. 3, 4 This, in turn, can induce a number of nonequilibrium collision-induced processes, such as energy transfer to high electronic states, 5,6 ionization, 7, 8 and low-temperature free carbon production. 9, 10 However, in the presence of common diatomic buffer gases, such as N 2 and O 2 , rapid interspecies vibration-to-vibration (V -V) energy transfer is likely to quench highly vibrationally excited CO molecules, thereby reducing vibrational disequilibrium. This disequilibrium is critical for the production of free electrons, atoms, and chemically active metastable species. [5] [6] [7] [8] [9] [10] The rate of vibrational energy loss from CO to N 2 and O 2 becomes especially critical at high partial pressures of the air species. While V -V exchange processes in pure CO are well understood. [5] [6] [7] [8] [9] [10] [11] V -V exchange rates between high vibrational levels of CO and air species have not been experimentally measured. In this paper we present measurements of the vibrational state distribution functions ͑VDFs͒ of N 2 , O 2 , and CO in gas mixtures optically pumped by a CO laser at pressures up to 1 atm.
The process here referred to as ''optical pumping'' consists of two distinct stages. Stage one is the direct laser ex-citation of a suitable target species to a low-lying vibrational level ͑or levels͒. In the work to be presented here the CO molecule is the target, which is directly excited to vibrational levels vϽ10 by resonance absorption of a broadband, continuous wave ͑cw͒, liquid nitrogen cooled, mid-IR CO laser radiation, in a single photon stepwise process CO͑vϪ1 ͒ϩhv→CO͑ v ͒. ͑1͒
Cooling the laser allows emission on low vibrational transitions of CO, down to 2→1 ͑and, in some cases, 1→0͒, which are essential for triggering radiation absorption by cold CO ͑initially at room temperature͒. The second stage is the anharmonic collisional V -V up-pumping process CO͑v ͒ϩCO͑ w ͒ CO͑vϪ1 ͒ϩCO͑ wϩ1 ͒, ͑2͒
where v and w are vibrational quantum numbers such as w Ͼv 3 . The up-pumping is driven by the anharmonicity of the intramolecular potential, which results in process ͑2͒ being exothermic in the forward direction. Detailed balance then requires that the forward rate of process ͑2͒ exceed the reverse rate, so that the molecule with the larger initial quantum number, w, is preferentially excited by the forward V -V energy transfer process. Ultimately, the degree of vibrational excitation is limited by vibration-to-translation (V -T) relaxation, the rate of which increases with vibrational quantum number, 3 or, in some special cases, by vibration-to-electronic (V -E) coupling. 5, 11 In pure CO, or in mixtures of CO and inert gas buffers such as argon and/or helium, previous work [3] [4] [5] [6] [7] [8] [9] 11 has shown that at pressures in the range 0.1-1.0 atm, optical pumping driven by a modest intensity ͑ϳ10 W/cm 2 ) cw CO laser produces steady-state vibrational distribution functions ͑VDFs͒ with significant fractional population in levels as high as vϭ30-40 ( f v ϳ10 Ϫ3 and above͒ while maintaining relatively low translational/rotational temperature (T ϭ300-750 K͒. Under these conditions, a variety of nonequilibrium processes can occur. For example, when up-pumping is sufficient to populate CO vibrational levels higher than v ϳ33, so that the sum of the vibrational energies of binary collision partners exceeds the ionization potential, v ϩ w Ͼ ion ϭ14 eV, ionization occurs by associative ionization mechanisms 7, 8 such as
In addition, if vibrational levels higher than vϳ25 are populated, the total vibrational energy of the collision partners may exceed the activation energy of disproportionation reaction, ϳ5.5 eV, which produces free carbon 9
CO͑v ͒ϩCO͑ w ͒→CϩCO 2 . ͑4͒
Since the overall rate of energy relaxation from the vibrational mode of CO due to both V -T, V -E, and nonresonance V -V processes is fairly slow, vibrational up-pumping ͑1͒, ͑2͒, associative ionization ͑3͒, and free carbon production ͑4͒ can all be generated in a low translational temperature, high-pressure, steady-state plasma sustained by continuous wave CO laser irradiation. Adding air species to the optically pumped CO plasma initiates V -V energy transfer to nitrogen and oxygen
If the energy relaxation rate from the vibrational modes of all three diatomic species remains sufficiently slow, these processes may produce strong vibrational excitation of N 2 and O 2 , and even lead to ionization of these species by association mechanisms such as that given by Eq. ͑3͒. Additionally, it is well known that the rate of electron detachment from O 2 Ϫ ions increases by several orders of magnitude as the temperature is increased from ϳ300 to ϳ1500 K 12 ͑electron affinity of the O 2
Ϫ ion is about 0.43 eV͒. It is plausible, albeit speculative, that vibrational excitation of O 2 at low translational/rotational temperature, with subsequent rapid resonance charge transfer from O 2 Ϫ to O 2 (v) may produce vibrationally excited ions and thereby also result in an increased electron detachment rate. Since electron attachment to O 2 is the dominant mechanism of electron removal in cold air plasmas, 12 this would provide a possibility of sustaining cold, nonequilibrium, low power budget air plasmas, which is the principal motivation of the present study.
To summarize, optical pumping in air can be thought of as occurring in two steps.
Step one is the direct laser excitation of CO vibrational levels 1 to ϳ9 by absorption of continuous wave CO laser radiation.
Step two, which consists of both inter-and intraspecies collisional V -V transfer, then excites higher levels of CO ͑up to vϳ40), as well as multiple vibrational levels of N 2 ͑up to vϳ5) and O 2 ͑up to v ϳ12).
The present paper presents spontaneous Raman scattering measurements which we believe constitute the first de-termination of steady-state vibrational state populations of N 2 and O 2 in optically pumped gas mixtures, as well as the first spatially resolved vibrational level population measurements of CO. Comparison of experimental data with predictions of a detailed master equation kinetic model, 11, 13 incorporating effects of V -V, V -T, and V -E energy transfer, as well as thermal and mass diffusion, is also presented.
II. EXPERIMENT
A schematic diagram of the optical cell and Raman instrumentation is illustrated in Fig. 1 . Optically pumped gas mixtures are formed by loose focusing of a continuous wave ͑cw͒ CO laser into a flowing Pyrex glass cylindrical cell of approximate dimensions 0.60 m longϫ0.050 m diameter. The cell is equipped with 1 in. diameter calcium fluoride ͑CaF 2 ) windows in order to provide optical access in the 5 m region. A gas manifold delivers room temperature mixtures of any combination of N 2 , O 2 , and CO, with composition controlled by individual flow meters. Total pressure is monitored with a Baratron pressure gauge.
The CO pump laser employed in this study has been described in greater detail previously. 11, 13 By suitable choice of gas composition, flow rate, and temperature, lasing can be induced on a wide variety of different fundamental vibrational transitions in the vicinity of 5 m. For the work to be presented here, the laser was operated with approximately 160 W of input electrical power and flow rates of 2000, 200, and 16 ml/min of helium, nitrogen, and carbon monoxide, respectively. The gain region is approximately 1 m in length, and was cryogenically cooled with liquid nitrogen. Figure 2 shows an experimental emission spectrum of the laser. It can be seen that a significant fraction of the total CO laser output power is on the 2→1 vibrational band. This is designed to trigger the collisional up-pumping process ͑see Sec. I͒. Significant power is also seen on transitions 3→2 through 9→8. For the 3→2, 4→3, 5→4, 6→5, and 7→6 transitions, lasing occurs on two rotational lines, while for the other vibrational bands, lasing occurs on a single rotational line. The total laser output power employed in these studies is approximately 12 W.
Laser Raman diagnostics were performed by combining the CO laser and second harmonic output of a pulsed Nd:YAG Raman pump laser with a 90°CaF 2 dichroic mir- ror. The mirror was coated to transmit the CO laser, while reflecting the Nd:YAG laser. Q-branch spectra were obtained using the Nd:YAG laser in combination with an optical multichannel analyzer ͑OMA͒ detector. The Nd:YAG laser had a single pulse output energy of 200 mJ at the second harmonic wavelength of 0.532 m, and was operated at a repetition rate of 10 Hz. The individual pulse duration was approximately 10 ns. In order to provide spatial resolution in the radial direction, the Nd:YAG laser was focused coaxially to the CO pump laser ͑with a 0.40 m focal length lens͒ and Raman scattering captured at 90°. The focal length of the lens was chosen as a compromise which avoids both window/mirror damage and dielectric breakdown of the gas mixture. A simple long wavelength pass ͑OG-570͒ colored glass filter was used to attenuate the elastic scattering at 0.532 m and transmit the Stokes shifted scattering, which was in the range 0.570-0.615 m. To maximize signal to noise, a pair of f /4 lenses and 2 in diameter mirrors were used to rotate the image of the focused laser beam parallel to the vertically oriented input slit of the OMA spectrometer. The effect was to capture a solid angle of approximately 0.049 sr ͑corresponding to f /4 optics͒, while spatially averaging the signal over a cylindrical volume of approximate dimensions 2 mm in lengthϫ100 m in diameter. The OMA consisted of a 1/4 meter f /4 spectrometer with a microchannel plate intensified charge-coupled device ͑CCD͒ camera for the detector. The purpose of the intensifier was to provide a fast ͑order 10 ns͒ gate so that spontaneous emission from the optically pumped cell, which in some circumstances was much brighter than the detected Raman signal, could be minimized. The quantum efficiency of the detector was approximately 6% at the Stokes wavelength, and the signal was integrated for time durations in the range 20 s-10 min. For all Raman measurements reported here, the spectrometer was used with a 1800 line/mm grating, which resulted in a spectral resolution of approximately 1.5 Å, and a spectral coverage of 16 nm. The resolution was sufficient to resolve individual Q-branch vibrational bands but not to resolve any rotational fine structure. The wavelength coverage enabled the capture of approximately 15 vibrational bands simultaneously. Determining the complete N 2 , O 2 , and CO vibrational distribution functions required merging of three spec-tra, which were obtained sequentially with identical optical conditions.
Vibrational level populations were obtained directly from the integrated intensity of each unresolved Q-branch band profile. Due to problems with wavelength calibration of the spectrometer, integrated intensities were extracted by hand from the raw data. Raw intensity data were corrected for the wavelength dependence of the detector quantum efficiency, the filter transmission, and the well-known inverse fourth power dependence off the scattering cross section. It should also be noted that extraction of the vibrational distribution function from the raw Raman data requires knowledge of the vibrational level dependence of the Raman cross section. For all data presented in this paper, we assume that the Stokes scattering cross section scales as the square of the matrix element, M mn 1 ϭ͗m͉rϪr e ͉n͘, where mϩ1ϭn represent Morse potential wave functions. The matrix elements were evaluated using an analytical expression given by Callas. 14 As an example, Fig. 3 shows the vibrational quantum number (v) dependence of the relative CO cross section, normalized by division by vϩ1, the well-known harmonic oscillator result. It can be seen that for vϭ40, the Morse potential cross section exceeds the harmonic oscillator prediction by approximately 35%. A very similar dependence was found for N 2 and O 2 . It should be noted, however, that this procedure assumes that the polarizability derivative ‫)‪Q‬ץ/␣ץ(‬ 0 is independent of v. It also ignores matrix element terms higher than first order.
Uncertainty in the relative intensities from which the experimental vibrational level populations are derived is estimated to be 10%-20%. Uncertainty in the ratio of vibrational populations of levels vϭ0 and vϭ1, which is used to determine the effective vibrational temperatures of the species ͑see Sec. III͒, is estimated to be 5% for N 2 and 7% for CO and O 2 . The uncertainty in this ratio is lower than that of the relative populations due to significant cancellation in systematic uncertainties in baseline and linewidth. Figure 4 shows a Raman spectrum obtained from a 4% mixture of CO in N 2 at a total pressure of 410 torr, acquired with an integration time of 1 min. The six peaks on the right, in the wavelength range between 608 and 602 nm, correspond to the Stokes shifted transitions from vibrational states vϭ0 -5 of N 2 , respectively. While the vibrational level populations cannot be described by a Boltzmann distribution, it is useful for illustrative and comparison purposes to define a ''first level vibrational temperature'' as
III. EXPERIMENTAL RESULTS
where 1 ϭ3353 K is the energy of the first vibrational level of N 2 , and f 0 and f 1 are the relative populations of vibrational levels vϭ0 and vϭ1, respectively. With this definition, the ''vibrational temperature'' of N 2 obtained from the data of Fig. 4 is approximately T v ϭ2200Ϯ70 K. The expanded intensity scale on the left side of Fig. 4 shows vibrational levels vϭ0 -37 ͑from left to right͒ of CO, illustrating that in this case a clear ''Treanor plateau'' 3 has been achieved in the CO population distribution. While this distribution is highly non-Boltzmann, an effective vibrational temperature of T v ϭ3500Ϯ250 K can still be defined by considering the first two level populations, using Eq. ͑7͒. The apparent relative populations range from f 0 ϭ0.4 for the ground vibrational level to f 37 ϭ2.5•10 Ϫ3 for the highest observed level, vϭ37. Similar to that which has been observed in CO/Ar mixtures using IR emission spectroscopy, 3-9,11 the relative population drops precipitously at vϳ40. This sudden drop-off in the VDF has been attributed in the past to near-resonance collisional energy transfer between vϳ40 of the ground electronic state, X 1 ⌺ ϩ , and low vibrational levels of the A 1 ⌸ excited state 5 ͑the upper state of the wellknown fourth positive system of CO͒. Translational/ rotational temperature, although not measured for conditions identical to that of Fig. 4 , is estimated to be less than T Х600 K, based on previous rotationally resolved CO IR emission spectra measured in optically pumped Ar/CO mixtures 11 and S-branch N 2 Raman spectra ͑see Fig. 7͒ obtained for other gas compositions as part of this work. Figure 5 shows typical Raman spectra obtained from a mixture of 40 torr CO, 15 torr O 2 , and 700 torr N 2 . Similar to Fig. 4 , the top spectrum shows six N 2 vibrational levels, vϭ0 -5, with corresponding first level vibrational temperature approximately T v ϭ2500Ϯ100 K. The middle spectrum shows the vϭ0 -8 bands of CO, with T v ϭ3400Ϯ250 K. The bottom spectrum contains vibrational states of O 2 , which shows significant population in levels vϭ0 -12, with T v ϭ3660Ϯ400 K. Note, again, that the full vibrational distributions of CO and O 2 are strongly non-Boltzmann and Figure 6 shows experimental spectra taken under similar conditions to that of Fig. 5 except that the mole fraction of oxygen has been increased from 2% to 16%, and the total pressure slightly dropped, from 755 to 740 torr. In this case the effective N 2 and CO vibrational temperatures decrease somewhat ͑from T v ϭ2500Ϯ100 K to 2100Ϯ70 K, and from T v ϭ3400Ϯ250 K to 3050Ϯ200 K, respectively͒, whereas the effective O 2 vibrational temperature drop is even more significant ͑from T v ϭ3660Ϯ400 K to 2200Ϯ150 K͒.
The data of Figs. 4-6 represent, to our knowledge, the first steady-state optical pumping experiments performed in high pressure ͑up to 1 atm͒ mixtures of diatomic gases. In particular, it is clear from the data of Fig. 6 that a relatively low intensity ͑ϳ100 W/cm 2 ) CO laser can be used to produce steady-state optical pumping in atmospheric pressure air with effective vibrational temperatures exceeding 2000 K for all three major diatomic species. As will be discussed in the next section, this has the potential to significantly impact the ability to create volume ionization in air.
Comparison of predicted and observed VDFs requires a reasonable ͑Ϯ100 K͒ estimate of the rotational/translational temperature. For the data given in Figs. 5 and 6, this is accomplished using rotationally resolved S-branch Raman spectra of N 2 . As an example, Fig. 7 shows an experimental Stokes S-branch spectrum of N 2 in an optically pumped mixture at the same experimental conditions as those used to obtain the Q-branch spectra of Fig. 5 . The relatively weak S-branch spectrum ''sits'' on top of the long wavelength wing of the N 2 Q branch, complicating extraction of an accurate rotational temperature. Nonetheless, an estimate of the rotational temperature can be made, based on the observation that the rotational population is maximum at approximately level 8 or 10, leading to an inferred temperature in the range TХ420-640 K.
IV. COMPARISON TO KINETIC MODELING CALCULATIONS
To model the results of the experiments, a state-specific master equation model 4, 11, 13 has been used, which evaluates the radial and time dependence of vibrational populations of diatomic species in CO/N 2 /O 2 mixtures optically pumped by a CO laser. The model has been described in detail previously, and will be only summarized here. The basic governing equations are given by where n v,i (r,t) is the time-and space-dependent population of vibrational level v of species i, r is the distance from the laser beam axis, D i and are the mass diffusion and heat conduction coefficients, respectively, and and c p are, respectively, density and specific heat of the gas mixture at constant pressure. The rest of the notation is the same as in Refs. 4 [19] [20] [21] Note that the semiclassical V -V and V -T rates for O 2 -O 2 and O 2 -N 2 used in the present paper 17 are in good agreement both with the experiments [19] [20] [21] and with the fully quantum calculations. 22 The model also uses accurate Einstein coefficients for spontaneous emission for the CO infrared bands 23 and assumes Gaussian intensity distribution of the CO excitation laser with beam waist of 1 mm. The resulting system of equations describing 40 vibrational levels of CO, N 2 , and O 2 is solved using a standard stiff partial differential equation solver. 24 More detailed discussion of the model can be found in Refs. 11 and 13. In the present paper, the vibrational distribution functions inferred from the Raman spectra are compared with the calculated vibrational level populations on the centerline of the laser beam. The validity of this approach is justified by the previous modeling calculations 13 which show that the change of the populations across the Raman pump laser beam of ϳ0.1 mm diameter is very weak. Figure 8 shows experimental and predicted vibrational distribution functions inferred from the Raman spectra of Fig. 4 . The modeling predictions were performed assuming a steady-state rotational/translational temperature of 500 K, which, as discussed previously, is near the middle of the range of temperatures inferred from the rotational Raman spectra of Fig. 7 and previous IR emission spectra. 11 Qualitatively, the general features of the steady-state CO and N 2 vibrational energy distributions can be understood by comparison, on the one hand, of the rates of inter-and intraspecies V -V exchange and, on the other hand, the rates of interand intraspecies V -T relaxation. It is well known 25 that in the absence of significant concentrations of atoms and/or polyatomic molecules, such as O, N, CO 2 , and H 2 O, the overall rate of V -T and vibration-to-rotation (V -R) relaxation in diatomic gases such as CO and N 2 is extremely slow. In fact, the dominant vibrational energy relaxation mechanism in this case is the nonresonant V -V exchange of Eqs. ͑2͒ and ͑5͒. In addition, diffusion of vibrationally excited molecules out of the laser beam path ͑with characteristic time diff ϳ0.01-0.1 s͒ and convection through the absorption cell ͑with characteristic time conv ϳ1 s͒ are both far too slow to be significant vibrational energy sinks. Therefore, as illustrated in Fig. 8 , a substantial fraction of the laser energy initially deposited into the CO vibrational mode remains stored in vibrations of CO and N 2 . Furthermore, from simple detailed balance arguments ͑see the discussion in Sec. I͒, the larger vibrational mode spacing of N 2 ͑2330 cm Ϫ1 ) compared to CO ͑2143 cm Ϫ1 ) results in preferential N 2 →CO energy transfer by the V -V process of Eq. ͑5͒, which becomes exothermic in the reverse direction. The combined effect is to establish, in the steady state, highly nonequilibrium VDFs for both diatomic species, but in which the average vibrational energy in CO strongly exceeds that of N 2 .
Quantitatively, it can be seen that for N 2 , the experimental and predicted distributions agree very well. In the case of CO, while the experimental VDF agrees reasonably well with the prediction ͑within about 50%͒, there is a rather consistent disagreement among the highest observed levels. While the cause of this disagreement is not completely understood, there are several possible sources of experimental error. In particular, it should be noted that the individual Q-branch CO bands in Fig. 4 are not completely resolved. This can lead to uncertainty in the baseline, and some resulting uncertainty in the populations. This is aggravated by the fact that for the highest vibrational levels, the dark current in the ICCD camera was a substantial fraction of the total detected signal. While the dark current is reasonably constant, any background drift would lead to a not-insignificant error.
In addition, some of the discrepancy could be due to inaccuracy in the assumed rotational/translational temperature. This effect will be estimated below, using the data of Fig. 5 . Figure 9 shows the comparison of experimental and calculated vibrational distribution functions inferred from the N 2 /CO/O 2 Raman spectra of Fig. 5 . Again, a rotational/ translational temperature of 500 K is assumed, based on the approximate temperature inferred from the S-branch spectrum of Fig. 7 . It can be seen that, in contrast to N 2 , the main effect of adding even relatively small amounts of O 2 to the mixture ͑here, oxygen partial pressure is 15 torr͒ is to significantly reduce the vibrational level populations of CO. Again, this can be understood qualitatively by consideration of detailed balance of interspecies V -V transfer. Since the vibrational mode spacing of oxygen ͑1556 cm Ϫ1 ) is considerably less than that of CO, the forward rate for CO→O 2 V -V exchange ͓see Eq. ͑6͔͒ exceeds the backward rate, resulting in steady-state vibrational distributions in which the populations of CO are lower than those of O 2 . Here again, nonresonant V -V exchange processes such as those given by Eqs. ͑2͒, ͑5͒, and ͑6͒ control the overall vibrational energy relaxation rate.
More quantitatively, it can be seen that for this gas composition, the model predicts the first-level vibrational temperature of O 2 to be considerably higher (T v Х5600 K͒ than that of CO (T v Х3900) or nitrogen (T v Х2500 K͒. While the ordering of the experimental first-level vibrational temperatures is qualitatively consistent with this prediction, the quantitative agreement is rather poor. In particular, the experimental O 2 vibrational populations are significantly lower than predicted by the model, and, referring back to Fig. 5 , appear to drop dramatically for levels higher than approximately 12. Again, some of this discrepancy could be due to uncertainty in the rotational/translational temperature. Figure  10 shows the model predictions for the CO, N 2 , and O 2 VDFs at Tϭ400, 500, and 600 K, for the conditions corresponding to the spectra of Fig. 5 . It can be seen that the predictions for the O 2 populations for levels higher than approximately eight exhibit considerable temperature dependence, even over this rather restricted range. The temperature dependence of the CO and N 2 VDFs is considerably smaller.
In addition, the discrepancy between the experiment and the prediction could indicate the presence of an additional rapid energy sink for the oxygen vibrational mode. One possibility is a vibrationally stimulated chemical reaction between carbon monoxide and oxygen CO͑v ͒ϩO 2 ͑ w ͒→CO 2 ϩO, ͑10͒
not incorporated into the model. Note that this reaction also produces oxygen atoms, which are known to be very efficient V -T relaxers of O 2 , N 2 , and CO. 26 Therefore, V -T relaxation of O 2 by O atoms might well contribute to this vibrational energy sink. These arguments are consistent with the results of previous infrared emission spectroscopy studies 13 which show significant emission from carbon dioxide in optically pumped CO/Ar/O 2 mixtures with similar partial pressures of O 2 ͑ϳ1 torr͒.
Finally, Fig. 11 shows the comparison of calculated ͑at Tϭ500 K͒ and experimental VDFs corresponding to the data of Fig. 6 . It can be seen that increasing the mole fraction of O 2 from 2% to 16% results in a further substantial drop in the vibrational level populations of both O 2 and CO. It is clear that in this mixture, the fixed power of the excitation laser, in combination with the increased net rate of CO-O 2 V -V transfer ͑due to the higher concentration of O 2 ) is responsible for the drop in the CO and O 2 vibrational energy loading. Significant systematic deviation between the experimental populations and the modeling predictions is also quite evident, with the experimental CO and O 2 VDFs being much closer to each other than predicted by the model. The precipitous drop-off in the VDFs of both species for vibrational levels greater than approximately 6 provides further evidence of the presence of an additional rapid relaxation process which is not accounted for in the model. Nonetheless, the main result of Fig. 11 is that it demonstrates, for the first time, that optical pumping can be used to obtain highly excited vibrational distributions of all three major diatomic species in CO-seeded atmospheric pressure dry air. Among the implications of this result is a possibility for efficient generation of low temperature nonequilibrium air plasmas. In particular, it is well known that in low to moderate temperature air plasmas (TϽ1500 K͒ the principal mechanism for loss of free electrons is three-body attachment to molecular oxygen 12
The forward rate of this process, k att Х2•10 Ϫ30 cm 6 /s, is nearly temperature independent, while the reverse rate increases exponentially with temperature, 27 Ϫ ions, thereby shifting the equilibrium of process ͑11͒ toward the left. The results shown in Figs. 6 and 10 suggest that this major loss mechanism can be mitigated at low translational temperature using a modest intensity, energyefficient CO laser. This suggests a potential strategy for efficient generation of large-volume, nonequilibrium atmospheric pressure air plasmas at low power budget. We are currently pursuing this approach using a 80 KeV electron beam as a source of efficient volume ionization.
V. SUMMARY
Experimental Raman Q-branch spectra have been obtained in optically pumped mixtures of diatomic gases under a variety of conditions, with total pressure up to 1 atm. In N 2 /CO mixtures, quantitative vibrational population fractions have been determined for levels vϭ0 -5 and v ϭ0 -37 for N 2 and CO, respectively. At Pϭ410 torr, the first level vibrational temperatures of N 2 and CO are approximately T v ϭ2200 K and T v ϭ3500 K, respectively. In atmospheric pressure N 2 /CO/O 2 mixtures, 6 vibrational levels of N 2 , up to 13 levels of O 2 , and up to 9 levels of CO are observed. At these conditions, first-level vibrational temperatures of these three species are in the approximate range T v ϭ2100-2500 K, T v ϭ2200-3700 K, and T v ϭ3000-3400 K, respectively.
Experimental vibrational level populations have been compared to predictions of a master equation kinetic model, which incorporates absorption of laser radiation, species and quantum state-specific vibration-vibration and vibrationtranslation energy exchange, as well as diffusion of vibrationally excited species out of the excited volume. In the case of N 2 /CO, the experimental and calculated vibrational distribution functions agree rather well ͑within 50%͒. It is believed that the remaining disagreement can be attributed to a combination of experimental uncertainty in the integrated spectral Raman intensities, as well as systematic uncertainty in the rotational/translational temperature. In N 2 /O 2 /CO mixtures, the agreement between the experiment and the calculations becomes somewhat worse. In particular, the model tends to overpredict the high vibrational level populations of O 2 . This could be indicative of the presence of a fast O 2 (v) relaxation process, not incorporated into the model, such as vibrationally simulated chemical reaction COϩO 2 (v) →OϩCO 2 . Other possibilities include rapid V -T relaxation of O 2 on oxygen atoms formed in this reaction, or a systematic error in rotational/translational temperature.
Finally, it has been demonstrated that modest intensity ͑ϳ100 W/cm 2 ) continuous CO lasers can be used to establish highly excited steady-state vibrational distributions of all three major diatomic species in CO-seeded atmospheric pressure dry air. This offers a possibility for efficient generation of low-temperature nonequilibrium air plasmas in which the principal free electron loss mechanism is known to be threebody attachment to molecular oxygen. and Engineering ͑DDR&E͒ within the Air Plasma Ramparts program managed by the Air Force Office of Scientific Research. We also acknowledge support from the Air Force Office of Scientific Research program in Unsteady Aerodynamics and Hypersonics and the Ohio Board of Regents Investment Fund.
